We investigated the effects of the human papillomavirus type 16 E5 oncogene on cellular gene expression in human epithelial cells using cDNA microarray. In a genome-wide microarray assay, the expression of 179 genes was found to be significantly altered due to E5 expression. The expression of lamin A/C was downregulated at protein level. The expression of protein kinase C-d and phosphoinositide-3-kinase proteins was found to be upregulated. We also observed increased motility of E5-expressing cells. We conclude that the E5 protein affects several cellular pathways involved in cell adhesion, cell motility and mitogenic signaling. These alterations may together lead to inhibition of apoptosis and facilitate the establishment of persistent infection in the epithelium.
Introduction
Cervical cancer is one of the most common causes of cancer-related deaths in women worldwide (Pisani et al., 2002) . A prerequisite for cervical cancer is infection by a high-risk human papillomavirus (HPV; Walboomers et al., 1999) , out of which HPV 16 is the predominant type in all continents (Mun˜oz et al., 2004) . Cancerassociated HPV types encode three oncogenes, E5, E6 and E7, and the E6 and E7 proteins have a significant role in malignant transformation (Hawley-Nelson et al., 1989; Munger et al., 1989; Leechanachai et al., 1992; Pim et al., 1992; Straight et al., 1993) . E6 and E7 stimulate cell proliferation by interfering with the function of regulatory proteins in cells, including the tumor suppressors p53 and pRB (Dyson et al., 1989; Werness et al., 1990) . Coexpression of both E6 and E7 leads to indefinite proliferation and immortalization of keratinocytes (Munger and Howley, 2002) and induces premalignant neoplasms together with v-Ha-Ras in vivo (Schreiber et al., 2004) . Both E6 and E7 oncoproteins can also independently immortalize human cells, but with reduced efficiency (Band et al., 1990; Halbert et al., 1991) . The role of the E5 protein in cellular transformation is much less understood. HPV 16 E5 is an 83-amino acid membrane-associated protein found in the Golgi apparatus, endoplasmic reticulum and nuclear membrane (Conrad et al., 1993) . It is able to transform murine fibroblasts and keratinocytes (Valle and Banks, 1995; Chen et al., 1996) . E5 also enhances the immortalization potential of E6 and E7, and stimulates the proliferation of human and mouse primary cells in cooperation with E7 (Bouvard et al., 1994; Sto¨ppler et al., 1996) . The E5 protein is known to inhibit gapjunctional intercellular communication (Oelze et al., 1995) , which may lead to disturbance of normal epithelial maintenance and differentiation. It has also been shown that E5 alters the growth and differentiation of stratified epithelia and induces epithelial tumors at a high frequency in mice (Genther Williams et al., 2005) . Moreover, important functions in late stages of viral replication have been suggested (Fehrmann et al., 2003; Genther et al., 2003) .
Alterations in cellular signaling pathways commonly contribute to cancer. A number of viruses have developed mechanisms to modulate cellular signaling pathways for reprogramming host cells and supporting their life cycles, or for controlling host defense responses (DiMaio et al., 1998; Burgert et al., 2002; Duerst and Morrison, 2003) . We examined genome-wide gene expression by cDNA microarrays in a stable epithelial cell line to investigate holistic effects of the E5 oncogene. The expression of several genes of the phosphatidylinositol phosphate kinase pathway appeared altered in microarray and were validated by quantitative PCR. Protein kinase C-d (PKC-d) and phosphoinositide-3-kinase p55 regulatory subunit (PI3KR3) were found to be upregulated, and lamin A/C was downregulated at both mRNA and protein level. E5 protein seems to affect several cellular pathways involved in cell adhesion, cell motility and mitogenic signaling. We were also able to verify altered cell motility of E5-expressing cells by live-cell imaging. This is the first report on a large-scale transcriptome analysis of HPV E5 effects in epithelial cells.
Results
Gene expression profiling using cDNA microarrays We performed a cDNA microarray experiment to screen for the expression of 16 000 transcripts in human epithelial HaCaT cells expressing the E5 protein of HPV 16 (HaCaT-E5). E5 expression was induced with dexamethasone and confirmed by northern blotting and quantitative real-time RT-PCR (qRT-PCR) . No antibody to the HPV 16 E5 protein is available. E5 transcription was observed already after short induction, and high expression level of E5 mRNA was reached at 24 h (Table 2) . For this reason, 24 h induction was selected for the microarray experiment. Moreover, we have previously shown that prolonged expression of the E5 protein for several days, albeit at a high level in transient transfections, is lethal to cells (Auvinen et al., 2004) . Cellular gene expression in E5 cells was compared to that in control cells transfected with the empty vector (HaCaT-pMSG), cultured and treated in a similar manner.
We initially assumed that even a minor change in gene expression may be of importance, and thus no cutoff was set as to the fold change of gene expression. Since the availability of reliable statistical methods, P-values have been launched for validation. P-value o0.01 was employed to infer statistical significance of the observations. Using this P-value cutoff, we identified 117 upregulated and 62 downregulated genes in E5-expressing cells from the microarray assay (Supplementary  Table 1 ). These genes were functionally grouped according to the Gene Ontology Biological Process (BP) database (Ashburner et al., 2000;  Figure 1 ). The statistically significant over-represented gene categories (Fisher's exact test P-value o0.05) were metabolism, protein modification and various responses to external stimulus, for example stress, biotic stimulus and immune responses.
Validation of gene expression profiling of selected genes by RT-PCR On the basis of the microarray results, altogether 27 genes were selected according to their biological relevance for qRT-PCR validation (Table 1 ). The 24-h time point was used for validation. The microarray result was considered valid, if the P-value of the qRT-PCR triplicates was o0.05. For 15 out of 27 genes (56%), the microarray result could be confirmed. Similar validation rates of cDNA microarray results have been reported by other authors (Rajeevan et al., 2001; Chuaqui et al., 2002) . Upregulation of PI3K and inositol polyphosphate-4-phosphatase was confirmed. Also upregulation of fibronectin (FN1), 67-kDa laminin receptor and PKC-d transcripts was observed with both methods. Of matrix metalloproteinases (MMPs), downregulation of MMP-7 was validated. Twelve genes gave discordant fold change as compared to microarray, including MMP-16 and lamin A/C.
To obtain more profound information about the dynamics of E5 effect on host cell pathways, we selected a set of further genes from the same Gene Ontology families, including some downstream target genes. Another 34 genes were chosen, and the expression of these altogether 61 genes was studied by qRT-PCR after E5 induction for 0, 2, 4, 24, 48 and 72 h to follow the effect on cellular gene expression along with time. We found that already at earlier time points, E5 expression affects transcription of a majority of cellular genes studied, including MMP-7, -12, -16 and PKC-d ( Figure 2a ). The selection of these genes was largely determined by the availability of antibodies. E5 cells were compared to pMSG control cells induced in a similar manner. The expression of each protein was normalized against the expression of b-actin, which was used as a loading control in each blot. PI3K p55 regulatory subunit (PI3KR3) and class 2 beta polypeptide, phosphatidylinositol transfer protein as well as inositol polyphosphate-4-phosphatase were found to be upregulated in the microarray experiment, along with downregulation of phosphatidylinositol-4-phosphate-5-kinase. Slight increment of PI3KR3 was also seen at protein level (Figure 2a ). The effect of E5 expression on phosphorylation and expression of Akt, the main effector of PI3K, was also investigated. Interestingly, modest increase in Akt expression was seen in E5 cells ( Figure 2b ) and little if any increase was seen in Akt phosphorylation (Figure 2b ). The E5 protein may thus have an effect on promoting cell survival by enhancing the expression of Akt.
The protein levels of PKC-d appeared to be upregulated, while lamin A/C was downregulated in E5-expressing cells, similar to the measured transcript levels (Figure 2 ). No differences between E5-expressing cells and control cells were observed in the amount of intracellular proteins MMP-7, -12, -16, keratin-8, a-tubulin, g-tubulin, PAK6, symplekin, MCM4, EphA1, FN1 and osteoprotegerin as studied by western blotting (data not shown), even though alterations in mRNA level were observed.
Among the PCR-validated genes, upregulation of key cell-adhesion components such as 67-kDa laminin receptor and laminin-a4 important in integrin signaling was observed. We wanted to investigate whether this would imply increased activity in cell adhesion. However, no differences in the expression or phosphorylation of the downstream effector focal adhesion kinase (FAK) were observed (data not shown). Nevertheless, upregulated expression as well as increased phosphorylation of paxillin downstream of FAK in HaCaT-E5 cells as compared to control cells was observed (Figure 2c ), suggesting enhancement of cell adhesion or cell motility.
HPV E5 increases the rate of wound healing in HaCaT cell cultures
To elucidate whether HPV E5 has an effect on cell motility or cell proliferation, a wound-healing assay was performed using confluent monolayers of HaCaT-E5 and HaCaT-pMSG control cells. Wound closure was monitored over time using a live-cell imaging system ( Figure 3 ; Supplementary Movies). HaCaT-E5 cells migrated into the wound at a higher rate than control cells. Total cell number was counted from each picture to differentiate whether the wound closure was due to cell division or cell migration. Statistical analysis revealed no differences in cell number along with time (data not shown) between HaCaT-E5 and -pMSG cells, indicating that wound closure occurred mainly due to cell movement. 
Discussion
Here we present a global analysis of gene expression modulations due to the HPV 16 E5 oncogene. Genes involved in antigen presentation, mitogenic signaling, cell adhesion, cell proliferation, differentiation and motility were found to be altered in E5-expressing cells as compared to control cells. Leykauf et al. (2004) earlier reported a careful analysis of E5 protein effects on membrane-protein composition using nanoelectrospray ionization mass spectrometry. These authors noticed differential expression of proteins involved in maturation and transport of MHC class I complexes to the plasma membrane. Further, Bravo et al. (2005) studied intracellular lipid dynamics in human keratinocytes, and showed that E5 modifies the availability of free cholesterol in the plasma membrane and alters the glycerophospholipid composition of the membranes. As compared to our work, different sets of data were presented in those studies, which were specifically designed to investigate E5 effects on membranes. We present here the largest report so far on the effect of the E5 protein on cellular gene expression. Prevention of apoptosis is a mechanism developed by a number of viruses either to prevent premature death of the host cell to maximize virus progeny, or to facilitate the establishment of persistent infection (O'Brien, 1998).
The PI3K pathway is essential in maintaining the undifferentiated phenotype of basal keratinocytes, as the pathway is switched off when basal cells detach from the basement membrane and enter the differentiation program of epithelial cells (Sayama et al., 2002) . PI3K activity generates phosphoinositides, which control cell survival, proliferation, migration and cellular trafficking (Cantley, 2002; Czech, 2003) . Inositol polyphosphate-4-phosphatase is a regulator of PI3K, and it has been implicated in PI3K signaling at distinct subcellular junctions (Ivetac et al., 2005) . Constitutive upregulation of cell-survival signaling mediated by PI3K/Akt has already been implicated in oncogenic transformation and tumor development, as it prevents apoptotic cell death during uncontrolled proliferation (Chang et al., 2003) . It has been shown that the HPV E5 protein protects cells from ultraviolet-B-induced apoptosis and promotes survival of human foreskin keratinocytes by activating PI3K/Akt and MAPK signaling downstream of the epidermal growth factor receptor (Zhang et al., 2002) . It has also been suggested that the induction of PI3K/Akt-dependent protection from apoptosis by E5 contributes to the HPV E7-mediated oncogenesis (Zhang et al., 2002) . Akt activation due to E5 has recently been shown to increase vascular endothelial growth factor expression downstream of epidermal growth factor receptor, which may enhance angiogenesis HPV 16 E5 alters cellular gene expression N Kivi et al in cervical cancer (Kim et al., 2006) . The modest upregulation of Akt observed in this work suggests that the E5 protein may contribute to tumorigenesis by preventing apoptosis and enhancing cell survival. Adhesion to fibronectin as mediated by integrins triggers downstream signaling to FAK and paxillin. Increased activity of these proteins has been implicated in cervical carcinogenesis, but it has previously been addressed to the E6 and E7 proteins in HPV-immortalized cells (McCormack et al., 1997) . Increased FAK activity has also been found in cells immortalized by other factors than HPV (McCormack et al., 1997) . We observed upregulation of total and phosphorylated paxillin downstream of FAK. Also, increased levels of FN1 transcript in E5-expressing cells were shown, whereas increase in intracellular FN1 protein was not detected. In addition, increased amount of laminin-a4 and laminin 67-kDa receptor transcripts were measured. High expression of 67-kDa laminin receptor has previously been reported in HPV-associated cervical neoplasia (Demeter et al., 1992) , and it has been shown to play a key role in tumor invasion and metastasis (Castronovo, 1993) . Because several of these genes have been implicated in cell motility, we further wanted to investigate whether the E5 effect would be seen in a livecell wound-healing assay. Cell motility was indeed shown to be increased by E5 expression. Thomsen et al. (1999) earlier reported a reduction in the motility of E5-expressing cells as compared to control cells. Their experimental setting was specifically designed to study the motility of individual cells, whereas we were interested in directional movement of a population of epithelial cells with the help of intracellular junctions. Also, mouse embryonic fibroblasts were used by Thomsen et al. (1999) , while our model system consisted of human epithelial cells.
Matrix metalloproteinases are proteins that degrade the extracellular matrix and are thus essential in a number of physiological processes and pathological conditions including embryonic development, differentiation, tissue remodeling and cancer (Hojilla et al., 2003) . Expression of MMP-7 has been found to correlate with invasive property and advanced tumor stage (Werner et al., 2002) . It has also been speculated that MMP-7 expressed on the surface of carcinoma cells may cleave E-cadherin, an inherent protein of adherent junctions of epithelial cells, and facilitate the detachment of carcinoma cells from the site of primary tumor (Shiomi and Okada, 2003) . Somewhat surprisingly we observed downregulation of MMP-7 and -16 transcripts in qRT-PCR but no change at protein level. We also found an increase in the expression of fibronectin in qRT-PCR, which has been shown to be a substrate for MMP-7, -12 and -16 (Chakraborti et al., 2003) .
Interestingly, we found upregulation of PKC-d expression due to E5. Earlier reports as well as our own observations suggest a role for the E5 protein in several cellular pathways involving PKC (Ueda et al., 1996; Brodie and Blumberg, 2003) , and PKC may thus mediate several biological activities of E5. Intriguingly, PKC is known to phosphorylate connexins and downregulate gap-junctional intercellular communication (Lampe et al., 2000) . The HPV 16 E5 protein has been reported to inhibit gap-junctional intercellular communication (Oelze et al., 1995) , and this could at least partially be explained by the increase in PKC-d expression.
Upon normal epithelial development, basal epithelial cells have to detach from integrin and laminins of the basement membrane, cease to proliferate and enter the differentiation program. Instead, in epithelial dysplasia cancer, cells do not differentiate but continue to proliferate. The HPV 16 E5 protein seems to play an important role in these events, as it protects cells from apoptosis, affects cell-matrix adhesion and interferes with epithelial differentiation. Our findings contribute to the understanding of the mechanisms of cellular transformation and carcinogenesis.
Materials and methods

Cell culture
HaCaT human keratinocytes stably transfected with HPV 16 E5 (HaCaT-E5) under the control of a dexamethasoneinducible promoter or with the empty vector pMSG (HaCaT-pMSG) as a control (Oelze et al., 1995) were used. Cells were grown in Dulbecco's modified Eagle's growth medium supplemented with 10% fetal bovine serum, glutamine and penicillin-streptomycin to 70-80% confluency. Cells were serum starved for 24 h and induced with 1 mM dexamethasone (Sigma-Aldrich Inc., Saint Louis, MO, USA) for 0 and 24 h for the microarray analysis. To study the different kinetic patterns of altered gene expression by quantitative RT-PCR, the cells were induced for 0, 2, 4, 24, 48 or 72 h. The MMTV promoter of the pMSG vector is somewhat leaky, and low E5 expression takes place even without induction. Comparisons were performed between E5 and control cells treated in a similar manner.
RNA extraction and hybridization to cDNA microarrays Total RNA was isolated from confluent cells that had been serum starved and induced with dexamethasone for 0 or 24 h. RNA concentration was quantitated by ultraviolet spectrophotometer and the quality was confirmed by Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Total RNA (5 mg per sample) was transcribed into cDNA using an oligodT primer harboring the T7 promoter sequence. cDNA was copied into double-stranded DNA from which RNA was transcribed in vitro by T7 RNA polymerase (Amino Allyl MessageAmp aRNA kit, Ambion, Foster City, CA, USA). Twenty micrograms of purified antisense RNA was labeled with monoreactive Cy3 label or Cy5 label (Amersham Biosciences, Buckinghamshire, UK) according to the manufacturer's instructions (Ambion). Labeled antisense RNA was purified and dried in a vacuum along with blocking agents (human CoT DNA (20 mg; Invitrogen, Carlsbad, CA, USA), poly-(dA) (20 mg; Amersham) and tRNA (8 mg; Sigma, St Louis, MO, USA). This probe complex was then dissolved in 80 ml of hybridization buffer (50% formamide, 6 Â SSC, 0.5% sodium dodecyl sulfate, 5 Â Denhardt's solution). The mixture was dissolved and incubated at 95 C for 5 min. It was then cooled down to 4 C and transferred to ice.
The cDNA microarrays (Finnish DNA-Microarray Centre, Turku, Finland) were prehybridized at 65 C in prewarmed 6 Â SSC, 0.5% sodium dodecyl sulfate and 1% bovine serum albumin, for 60 min. After prehybridization, the slides were washed with fresh water at room temperature, with gentle agitation. The slides were then dried by brief centrifugation at 2000 r.p.m. A lifter slip (Erie Scientific Company, Portsmouth, NH, USA) was placed onto the spots and the sample was added onto the slides.
The slides were then placed in a humid hybridization chamber (GeneMachines; Genomic Solutions, Ann Arbor, MI, USA), submerged in water and hybridized for 16 h at 42 C. After incubation, the slides were washed with 0.1 Â SSC, 0.1% sodium dodecyl sulfate and water and dried by centrifugation (2000 r.p.m.) . The slides were scanned with GenePix 4200AL scanner (Molecular Devices Corporation, Sunnyvale, CA, USA) using appropriate setting for Cy3-and Cy5-labeled samples. All microarray experiments were performed in triplicates.
cDNA microarray analysis Segmentation, computation of the absolute foreground intensities and local background estimation from the scanned images were performed with the software Axon GenePix Pro v. 6.0 (http://www.moleculardevices.com/pages/software/gn_ge-nepix_pro.html).
The raw data were then imported into the R package (http:// www.r-project.org) BioConductor (Gentleman et al., 2004;  http://www.bioconductor.org). Background correction and quality assessment of the data set were carried out using the BioConductor packages limma (Smyth, 2004) and arrayMagic (Buness et al., 2005) . The background-corrected log ratios were then normalized using LOWESS regression method.
Paired permutation-corrected t-test (BioConductor package siggenes) was carried out to find differentially expressed genes in the HaCaT-E5 versus -pMSG comparisons at 0 and 24 h separately. Median false discovery rate less than 1 was chosen as significance cutoff (Tusher et al., 2001) .
Hierarchical clustering of samples on the normalized data was performed to evaluate the normalization accuracy. Functional clustering of the genes presenting significant variations to the statistical tests was performed according to the Gene Ontology annotation, BP database (Ashburner et al., 2000) . Fisher's exact test was performed to evaluate the overrepresentation of functional ontologies, using P-value cutoff o0.05. This analysis was carried out using the BioConductor package GOstats (Gentleman et al., 2004) .
Quantitative real-time RT-PCR Total cellular RNA was extracted from confluent cell cultures using the TriPure reagent (Roche Applied Science, Indianapolis, IN, USA). QRT-PCR was performed by Taqman technology and a sequence detector in ABI PRISM 7700 (Applied Biosystems, Foster City, CA, USA) using SYBR Green PCR Master Mix and RT-PCR kit (Applied Biosystems). The cDNA was synthesized from 2 mg of total RNA with reverse transcriptase using the oligo d(T) 16 primer. From the reaction mixture, 15 ng cDNA was then subjected to PCR amplification with specific forward and reverse primers (Supplementary Table  2 ). The specificity and purity of the amplification reaction were also determined by performing a melting curve analysis. The expression level of b-actin was used to normalize the abundance of the tested transcripts. The comparative threshold cycle (C T ) method was used to determine fold changes of transcript present in E5-expressing cells as compared to control. All qRT-PCRs were performed in three independent experiments. Moreover, Student's t-test was employed to statistically evaluate the results, using P-value cutoff o0.05. The primers were designed using the PrimerExpress program (Applied Biosystems). E5 expression was confirmed in all cDNAs from HaCaT-E5 cells by qRT-PCR. The primer set used to amplify E5 mRNA was 5 0 -ATTACTGGCGTGCTTTTTGCT-3 0 (sense) and 5 0 -CAAAT ATAATATATACAATAAAACACCTAAACG-3 0 (antisense).
Western blotting
Dexamethasone-treated E5 and control cells were lysed in lysis buffer (150 mM NaCl; 50 mM N-2-hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid, pH 7.4; 0.1% Igepal; 5 mM EDTA) containing proteinase inhibitors (complete proteinase inhibitors; Roche Applied Science). Total protein was quantitated using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA). Forty micrograms of total protein was separated in 7.5 or 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to Protran nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany) . One membrane was prepared for each protein studied. The membranes were blocked with 5% nonfat milk in phosphatebuffered saline, followed by incubation with primary antibodies in 5% nonfat milk in PBST overnight at 4 1C. The membranes for PI3KR3 blot were blocked with 2% gelatine, 0.1% normal goat serum (Vector Laboratories Inc., Burlingame, CA, USA) and 0.1% normal rabbit serum in phosphatebuffered saline to reduce background signal. The antibodies were to PI3KR3 (Abgent, San Diego, CA, USA), Akt (Cell Signaling Technology, Beverly, MA, USA), P-Akt (Ser473; Cell Signaling Technology), paxillin (Cell Signaling Technology), P-paxillin (Tyr118; Cell Signaling Technology), PKC-d (BD Biosciences) and lamin A/C (BD Biosciences). Subsequently, the membrane was incubated with fluorescent secondary antibodies: IRDye 800CW goat anti-mouse (LI-COR Biosciences, Lincoln, NE, USA) and IRDye 680 goat anti-rabbit (LI-COR Biosciences). Images were acquired with the Odyssey infrared imaging system (LI-COR Biosciences) and analysed by the software program provided by the manufacturer. The program measures the amount of light produced. For lamin A/C (Figure 2a) , both bands were quantitated separately and the results were then combined. Two-color western detection was performed by blotting each membrane simultaneously for the protein of interest and for bactin (Sigma-Aldrich) to control for loading. Quantitation results are expressed as fold changes in E5 cells as compared to pMSG cells (Figure 2 ). First, a coefficient was calculated for each time point in each blot separately by comparing the bactin signal from E5 cells to the b-actin signal from pMSG cells. This gave us a measure of loaded protein amounts in each lane. This coefficient was then used to normalize the signal for the proteins of interest against the protein amount loaded. Next, a value of 1 was set for the signal of each protein of interest in pMSG cells, and a fold change was then calculated by comparing the expression of the proteins of interest in E5 cells to pMSG cells at each time point.
Cell motility assay Cell motility was assessed using wound-healing assay and livecell imaging. HaCaT-E5 and -pMSG cells were grown as a confluent monolayer in Nunclon 24-well plates (Thermo Fisher Scientific, Waltham, MA, USA), serum starved for 24 h and induced with dexamethasone for another 24 h. Monolayers were then wounded using a disposable pipette tip. Wound closure was followed for 48 h using the Cell-IQ real-time image capture system (Chip-Man Technologies Ltd, Tampere, Finland). To study whether the wound closure was due to cell division or cell migration, cells were counted and analysis of variance test was performed to find overall changes. Tukey honest test was performed to find differences while comparing cells. Each experiment was performed in altogether eight replicates.
